Combined pretreatment with hot compressed water and wet disk milling was 30 performed with the aim to reduce the natural recalcitrance of oil palm biomass by opening 31 its structure and provide maximal access to cellulase attack. Oil palm empty fruit bunch 32 and oil palm frond fiber were first hydrothermally pretreated at 150°C to 190°C and 10 to 33 240 min. Further treatment with wet disk milling resulted in nanofibrillation of fiber 34 which caused the loosening of the tight biomass structure, thus increasing the subsequent 35 enzymatic conversion of cellulose to glucose. The effectiveness of the combined 36 pretreatments were evaluated by chemical composition changes, power consumption, 37 morphological alterations by SEM and the enzymatic digestibility of treated samples. At 38 optimal pretreatment process, approximately 88.5% and 100.0% of total sugar yields 39 were obtained from oil palm empty fruit bunch and oil palm frond fiber samples, which 40 only consumed about 15.1 and 23.5 MJ/kg of biomass, respectively. 41 42 Keywords: Oil palm empty fruit bunch, oil palm frond fiber, hot compressed water, wet 43 disk milling, combined pretreatment. 44 45
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+81-82-420-8309 27 E-mail : rafein-zakaria@aist.go.jp; mohdrafein@upm.edu.my 28 9 higher from OPFF samples compared to OPEFB probably due to the differences in 155 hemicellulose components, amounts and molecular structures of the fibers. A lower XOS 156 production from OPEFB recorded in this study compared to study reported by Ho et al. 157 (2014) probably due to treatment severity applied and a ratio of solid to liquid used. 158
Acetic acid, furfural, 5-hydroxymethylfurfural (5-HMF) and formic acid were 159 among the degradation by-products detected in the pretreated liquids and the 160 concentrations of each product at different pretreatment severities are presented in Fig.  161 S1. Acetic acids were observed in increasing trend towards higher pretreatment severities 162 and reached the highest at 13.2 mg/g of OPEFB and 12.6 mg/g of OPFF at 190°C, 20 min 163 and 190°C, 10 min, respectively. Acetic acids accumulation occurring at higher 164 pretreatment severities resulted from deacetylation of hemicellulose degradation (Esteves 165 and Pereira, 2009) . Different furfural and 5-HMF profiles are observed from OPEFB and 166 OPFF, respectively. Furfural was only detected at pretreatment condition of 150°C, 240 167 min and 190°C, 20 min with concentration of 0.6 mg/g and 2.4 mg/g, respectively from 168 OPEFB samples. Meanwhile furfural formation was not generated when OPFF was 169 pretreated between 150°C-170°C for 10 min. 5-HMF was not detected from OPEFB 170
samples at all pretreatment conditions tested. In contrast, generation of 5-HMF from 171
OPFF was recorded from 1.1 mg/g to 5.2 mg/g at pretreatment severities, log Ro of 3.1 to10 3.9 (170°C, 20 min to 150°C, 240 min). Formic acid formation was correlated well with 173 pretreatment severities and recorded highest 14.4 mg/g of OPEFB and 12.7 mg/g of 174 OPFF at the harshest pretreatment severities (Fig. S1) . Nevertheless, the degradation 175 by-products formation in the current work are far lower in comparison to previous report 176 (Zakaria et al., 2015a) since lower pretreatment severities are used and below than 177 threshold limit of fermentation inhibitory level (Gong et al., 1999) . 178 179 Table 1 shows solid yield, pH and chemical composition of untreated and HCW-181 treated oil palm biomass samples at varying reaction temperature and time. In general 182 solid yield reduction, and dropped in pH values were in line with pretreatment severities 183 due to dissolution of hemicellulose components. Therefore, no substantial reduction of 184 solid yield at isothermal conditions (150°C, 60-240 min) observed from both OPEFB and 185 OPFF samples. A greater hemicellulose dissolution was more pronounced at higher 186 treatment temperatures between 170°C to 190°C. The pH of the pretreated samples were 187 decreased to acidic pH due to acetic acid accumulation over pretreatment severities (Fig.  188   S1 ). Acid hydrolysis of pretreated solids showed gradual decreases of xylose and reached 189 3.3 g/ 100 g OPFF at pretreatment severity log, Ro = 3.6. Undetectable of xylose from 190 11 OPEFB samples at the harshest pretreatment severity log, Ro = 4.0 indicates efficient 191 removal of hemicellulose at higher pretreatment temperature ( respectively. Lower glucose yield was obtained at isothermal pretreatment condition 215 probably due to partial degradation of hemicellulose and the dissolved hemicellulose 216 (xylan) might limit the adsorption of cellulase on cellulose (Qing and Wyman, 2011; 217 Zhang et al., 2012) . This is supported by the results obtained which showed that the yield 218 of xylose from enzymatic hydrolysis was higher at isothermal than non-isothermal 219 condition (Table 2) . Pretreatment severity was crucial in hemicellulose dissolution and 220 provides higher specific surface area that amenable for cellulase penetration (Hsu et al., 221 2010) . Therefore, the glucose yield from HCW treatment alone was below than 80% of 222 hemicellulose and cellulose conversion. 223
Effect of pretreatment severities on pretreated solids 180
Previous work showed that subsequent WDM on HCW-treated OPMF sample 224 with less than 10 cycles improved substantially xylose and glucose yields (Zakaria et al., 225 2015b) . Similar approach is adopted in the present work to obtain higher yield of sugars at 226 13 isothermal and non-isothermal conditions from OPEFB and OPFF samples and the 227 efficiency of each treatment was evaluated and compared. Fig. 1 illustrates both xylose 228 and glucose yields are in increasing trends towards higher number of milling cycles. 229
Xylose yields are higher when OPEFB was pretreated at moderate temperature whereby 230 85% of xylose yield was obtained from HCW-pretreated samples at 150°C, 180 min (Fig.  231 1a). Xylose conversion was reduced when higher reaction temperature was imposed to 232 the OPEFB which resulted in higher degree of hemicellulose depolymerization (55.8%) 233 (Table 1 ). The highest cellulose conversion into glucose (90.3%) was observed when 234 pretreated by HCW at 190°C, 20 min and subsequent WDM for nine milling cycles, 235 which is two fold more than WDM pretreatment only (Fig. 1b) . Slightly lower conversion 236 (87.7%) was observed when the OPEFB was pretreated at moderate temperatures (150°C 237 for 240 min). The highest xylose yield obtained from OPFF-treated solid is 66.2% at 238 190°C, 10 min (Fig. 1c) . The fact that the xylose yields obtained from OPFF was lower 239 compared to OPEFB samples might attributed to efficient hemicellulose degradation to 240 XOS collected in pretreated liquids (Table S1 ). Complete conversion (100%) of cellulose 241 into glucose was obtained from OPFF samples at 150°C, 240 min when disk milled only 242 for five milling cycles (Fig.1d) . Other pretreatment conditions recorded glucose yields 243 with less than 80%. 244 14 Overall, combined treatment using HCW with WDM is better than HCW 245 treatment alone in term of xylose and glucose yield. HCW pretreatment resulted in the 246 disruption of fiber`s surface by `peeling off` outer layer and destruction of 247 cellulose-hemicellulose-lignin network which can be clearly seen from Table 3 shows a summary of collective results from pretreated liquids, enzyme 274 hydrolyzates and total sugar yields from both OPEFB and OPFF samples at different 275 pretreatment conditions. Higher recovery of monomeric sugars obtained from OPFF 276 samples than OPEFB pretreated liquids due to chemical compositions and physical 277 structures of fibers that react differently at pretreatment temperature. Comparable total 278 sugars yield was observed from OPEFB samples at optimal isothermal and 279 non-isothermal conditions with conversion yield of 88.5% and 87.6%, respectively. 280
Higher total sugar yields were obtained from OPFF samples with 103.3% and 89.8% at 281 pretreatment condition of 150°C, 240 min and 190°C, 10 min, respectively. It is obvious 282 that higher pretreatment temperature favoured higher glucose recovery and higher xylose 283 recovery was obtained at moderate temperature with longer reaction time. 2014a). Thus we conclude that the most important factor for obtaining maximal 310 enzymatic digestibility from oil palm biomass is the expansion of the specific surface 311 area via fibrillation of OPEFB and OPFF fibers into nanofibers. This is the first report 312 elucidating pretreatment using HCW at isothermal and non-isothermal condition 313 followed by wet disk milling. In addition, the present study provides progress of 314 pretreatments developed for oil palm biomass with consideration to obtain high 315 recovery of xylose and glucose by chemical-free approaches. 316
Conclusion 318
The effect of HCW and WDM pretreatment on OPEFB and OPFF were 319 successfully compared and discussed. Isothermal condition with milder reaction 320 temperature (150°C, 240 min) was the best condition to recover higher pentose and 321 hexose sugars. HCW pretreatment alone resulted in disruption on physical structures of 322 fibers and an increased in degree of enzymatic digestibility due to partial hemicellulose 323 removal. Subsequent WDM treatment caused fibrillation of oil palm biomass fibers to 324 nanoscopic sizes further improving its enzymatic digestibility. It can be concluded that 325 the combination of HCW and WDM pretreatment is applicable to oil palm biomass. Tables   Table 2 Effect of hot compressed water on yields of xylose and glucose at various pretreatment conditions. 
